Background and Purpose Cheyne-Stokes respiration (CSR) is frequently observed in patients with acute stroke. There have been conflicting opinions about the associations of CSR with the location and size of the lesion. We aimed to better define the clinical relevance and pathogenesis of CSR in acute stroke.
INTRODUCTION
Both obstructive sleep apnea (OSA) and central sleep apnea (CSA) occur frequently in patients with acute ischemic stroke. Cheyne-Stokes respiration (CSR), which is a form of periodic CSA, is observed in 6-72% patients with acute stroke. [1] [2] [3] [4] [5] [6] [7] [8] In general, CSR appears immediately after the onset of the acute stroke, and gradually improves with time. 2, 5, 9 There has been a fair amount of research on stroke and OSA, but few studies have investigated the CSA that is seen in patients with stroke. CSR was first described by Cheyne 10 in 1,818 in a patient who presented with both a stroke and heart failure. An association with the medulla-which acts as the respiratory center-was suspected previously, but it was noted that medullary lesions would manifest as ataxic breathing rather than periodic breathing, and it was subsequently reported that this appeared more commonly in bilateral supramedullary lesions or large or extensive strokes. 1, 11, 12 However, the results obtained in studies of the location prone to the development of CSA and of the size and type of stroke were inconsistent. There have also been differences in opinion on how CSA affects the out- 13, 14 Following Stokes suggesting the association between CSR and cardiac disease in 1854, 15 it is now well known that CSR frequently occurs in patients with congestive heart failure, and CSR has been reported to be associated with higher mortality in heart failure. 16 It was recently shown that CSR is associated with a low left-ventricle ejection fraction (LVEF) even in patients with stroke who do not have overt symptoms of heart failure. 17 CSR characteristically alternates between hypoventilation and hyperventilation in a crescendo-decrescendo fashion, and this breathing pattern reflects the instability of the ventilatory control system. 18 Although Cheyne and Stokes had mainly observed CSR in imminent death, it is not uncommon for CSR to also be detected on a respirogram in patients who are not critically ill. The mechanism underlying CSR in heart failure has been explained as a delay in the recognition and correction of hypo-and hyperventilation as a result of delayed circulation, leading to larger changes in blood gas and respiratory overcompensation. However, other factors besides circulation delay may be involved, and the mechanism underlying CSR in stroke in the absence of heart failure remains unclear. 18 The objective of this study was to identify factors associated with CSR in a large cohort of patients with acute ischemic stroke and to deduce the mechanism underlying CSR.
METHODS
This study involved patients who had been admitted to the Department of Neurology at Kangwon National University Hospital over a 22-month period (from May 2014 to February 2016) under a diagnosis of acute ischemic stroke that had occurred within 1 week of the date of admission. The Gangwon Comprehensive Stroke Center (CSC) has been operating under the Ministry of Health and Welfare of Korea as part of the Kangwon National University Hospital since 2009, and has been prospectively collecting and registering all patient data. We utilized the stroke database of Gangwon CSC for selecting our study subjects and collecting clinical information.
We collected data on variables such as the patient's sex and age, as well as risk factors for stroke such as a previous history of stroke, hypertension, diabetes mellitus, hyperlipidemia, body mass index, atrial fibrillation, and heart failure. The severity of the neurologic deficits at the time of the visit was assessed using the National Institutes of Health Stroke Scale (NIHSS). The degree of disability was evaluated using the modified Rankin Scale (mRS).
We classified the etiologic subtypes of ischemic stroke into large-artery atherosclerosis (LAA), small-vessel occlusion (SVO), cardioembolism (CE), stroke of other determined etiology, and stroke of undetermined etiology, 19 according to the Trial of ORG 10,172 in Acute Stroke Treatment (TOAST).
Based on the anatomical location of the lesion, we also classified the strokes based on their location into the left hemisphere, right hemisphere, or both, and supratentorial, infratentorial, or both, and into 10 groups according to the symptomatic vascular territories, with cases of lesions involving 2 or more territories classed as multiple lesions.
We collected data on blood pressure at the time of admission as a cardiovascular indicator, as well as the left atrium (LA) size (mm), left-atrium volume index (LAVI) (mL/m 2 ), LVEF (%), and regional wall-motion abnormality from transthoracic echocardiography performed during admission. LAVI was calculated as dividing the maximum LA volume by the body surface area. Cases with moderate-to-severe valvular dysfunction in transthoracic echocardiography were classified as significant valvular disease.
Sleep apnea test was performed during the admission using a portable machine (Embletta ×10; Embla-Medcare, Reykjavik, Iceland). This included the use of transnasal airflow sensors, chest and abdominal belts to detect respiratory motion, posture sensors, and oximeters. We collected data on the presence of CSR, respiratory parameters, and the time from the stroke onset until performing the sleep apnea test.
CSR was defined in accordance with version 2.3 of the 2016 American Academy of Sleep Medicine criteria, 20 if both of the following were met: a) Three or more episodes of consecutive central apneas and/or central hypopneas, separated by a crescendo-decrescendo change in breathing amplitude with a cycle length of at least 40 seconds. b) Five or more central apneas and/or central hypopneas per hour of sleep associated with a crescendo-decrescendo breathing pattern recorded over at least 2 hours of monitoring.
A total of 529 patients with acute ischemic stroke had been admitted to the Gangwon CSC during the study period, among of which sleep apnea tests were applied to 185 patients. Sleep apnea test was routinely recommended to all patients with acute ischemic stroke, but this could not be applied to all of the patients due to cost and some cases of poor patient condition. The sleep study could not be performed in patients with a nasogastric or endotracheal tube. Two patients could not complete the sleep apnea test, resulting in a loss of data, hence those two were excluded from the study. One patient presented central periodic apnea, but with snoring and without the typical crescendo-decrescendo respiratory pattern, and therefore could not be classified depending on CSR. In summary, a study analysis was performed from the data obtained from a total of 182 patients.
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We compared clinical indicators between the CSR and non-CSR groups. Continuous variables were analyzed as mean± standard-deviation values, whereas categorical variables were analyzed as number and percentage values. The continuous variables were analyzed statistically using the independent ttest, and categorical variables were analyzed using Pearson's chi-square test, and occasionally Fisher's exact test. Multiple regression analysis was used to identify independent clinical factors associated with CSR. A subgroup analysis was performed in the same manner to analyze the direct effects of the stroke itself, excluding cardiogenic causes, which are known to cause CSR. This subgroup consisted of patients with the stroke etiology of LAA, no atrial fibrillation or any significant valvular disease, and an LVEF of 50% or higher.
Variables with a p value of less than 0.1 in the univariate analysis were included in the multivariable analysis. Since the cases of stroke due to either atrial fibrillation or CE overlapped, only CE was included in the multivariate analysis. Since all of the patients with heart failure showed a decreased LVEF, only LVEF was included in the multivariate analysis. Regional wall-motion abnormality was also significantly associated with a decreased LVEF (p<0.001), and hence was not included in the multivariate analysis. Since both LA size and LAVI are indicators of LA enlargement, only LAVI was included in the multivariate analysis. A previous mRS score and a previous history of stroke were also strongly associated with each other, hence only one of these variables was included in the multivariate analysis. A p value of less than 0.05 was considered to be statistically significant. Statistical analysis was performed using SPSS software (version 23.0, IBM Corp., Armonk, NY, USA).
The study was approved by the Institutional Review Board of Kangwon National University Hospital (IRB No. KNUH-2016-03-007-001).
RESULTS
CSR was present in 35 (19.1%) of the 182 included patients. The mean time from the onset of the acute stroke until the day of the sleep apnea test was 9.4 days in the CSR group and 8.7 days in the non-CSR group, which was not significantly different.
Univariate analysis
The patients were about 9 years older in the CSR group (76.4± 7.52 years) than in the non-CSR group (67.2±12.6 years, p< 0.0001). In addition, the frequencies of atrial fibrillation (31.4% vs. 9.50%, p=0.001) and heart failure (8.60% vs. 0.00%, p= 0.007) were higher in the CSR group.
When classified according to the TOAST classification, there was a significant difference based on the presence of CSR. Only one patient in the SVO group had CSR (2.86%), which was significantly less frequent than in the other groups (p= 0.007). This patient had complained of dyspnea upon exertion of New York Heart Association class II, and was observed to have pitting edema at 1 month after the onset of stroke. There were no significant coronary lesions and the LVEF was normal, but an echocardiogram showed high ratio of the early transmitral filling velocity to the early diastolic tissue velocity at the septal mitral annulus (E/e') (19.02), which improved after administering diuretics. Hence the patient was diagnosed as heart failure with preserved LVEF. There was no significant association between the presence of CSR and the location of the lesion in terms of vascular territory, supra-or infratentorial, or laterality. Having bilateral hemispheric lesions was significantly associated with CSR (p=0.004).
Echocardiography was performed in 179 patients (98% 
Multivariate analysis
A multivariate analysis was performed on the following factors that differed between the two groups with a p value of less than 0.1 in the univariate analysis based on the presence of CSR: age, hypertension, smoking status, previous mRS score, NIHSS score at the time of admission, bilateral lesions, LAVI, and an LVEF of less than 50%. The previous mRS score [odds ratio (OR)=2.32, p=0.025], bilateral lesions (OR=6.47, p=0.012), increased LAVI (OR=1.36 for every 10 mL/m 2 increase, p=0.048), and an LVEF of less than 50% (OR=6.22, p=0.016) were significantly associated with CSR (Table 2) .
Subgroup analysis
A subgroup analysis of the 83 patients in the LAA group who did not have atrial fibrillation or any significant valvular disease with a normal LVEF revealed CSR in 16 patients (19.3%). An analysis of the factors associated with CSR showed that the patients in the CSR group were older (76.1±8.54 vs. 69.3± 12.1, p=0.036) and had both supra-and infratentorial lesions more frequently (18.8% vs. 3.00%, p=0.047) ( Table 3) . A multivariate analysis of the factors that differed significantly with a p value of less than 0.1 in the univariate analysis between the two groups-age, previous mRS score, both supra-and infratentorial lesions, and bilateral lesions-found that only the previous mRS score was a significant factor (OR=2.51, p= 0.041) ( Table 4) . 
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DISCUSSION
CSR seen in acute stroke is associated with the previous mRS score, bilateral lesions, a low LVEF, and LA enlargement. CSR was not observed in acute stroke due to SVO except for one patient who developed symptoms of heart failure 1 month later. There was no significant association between the location or severity of the stroke and CSR. In the subgroup analysis that excluded cardiac factors, only the previous mRS score was significantly associated with CSR. While the associations of heart failure and decreased LVEF with CSR are well known, the present association between LA enlargement and CSR is a novel finding. LA enlargement is a sign of overloading of both the pressure and volume of the left ventricle, and an indicator of diastolic dysfunction. LA enlargement is frequently seen in patients with hypertension, and has been reported to be associated with cardiovascular diseases such as atrial fibrillation, heart failure, and stroke, as well as poor outcomes. 21 Among the indices of atri- 
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um size, LAVI has been known to have the strongest correlation with cardiovascular disease and its outcome. 22 However, there is also a tendency for the atrium to enlarge with age regardless of disease. 23 In our study, even after correcting for atrial fibrillation and decreased LVEF using multivariate analysis, there was still an independent association between CSR and an increase in LAVI. Similar results were found in a study of sleep disordered breathing in patients with heart failure but preserved LVEF, demonstrating that the size of the LA was larger in the CSA group. 24 Those authors suggested that pulmonary congestion can lead to CSA. However, in our study, there had been only one patient who had shown heart failure with preserved LVEF, which developed one month after stroke, and this makes it difficult to explain the mechanism underlying CSR on the basis of pulmonary congestion. A delay in circulation as a result of atrium enlargement or diastolic dysfunction might have caused instability in the ventilatory control system, leading to CSR. 25 Moreover, cardiovascular aging represented by LA enlargement might have been a predisposing factor for the development of CSR.
However, these results alone cannot be used to determine whether LA enlargement itself in patients with acute stroke was the predisposing factor for developing CSR or an innocent bystander that had not been included in the study analysis.
Considering that CSR manifests immediately after the onset of acute stroke, which tends to improve spontaneously with time, 2,5,9 CSR in acute stroke might not occur solely due to age or cardiac factors, but rather the stroke itself must be the inducing factor for CSR. This has prompted several researchers to attempt to identify associations between the location or severity of the lesion, and CSR, but with conflicting results. As for the association between the location of the stroke and the development of CSR, there was a report stating that CSR occurs only with bilateral cerebral hemispheric lesions, while there are other reports that these lesions are not always bilateral. 7, 12, 26 In addition, CSR has been reported to occur more frequently in left-side strokes, and less frequently in cases involving the left insula or mesencephalon. 1 The present study found that significantly more cases had bilateral lesions, but with no preponderance in either the left or right hemisphere. Keeping in mind that CSR may occur more frequently in strokes occurring in the infratentorial region, which includes the respiratory center, we divided the cohort into the supra-and infratentorial regions, which revealed no difference between them. There was no significant association between CSR and the location of the stroke even when classifying and analyzing the lesion according to the vascular territory. The inconsistency of the previous results could be due to the smallness of most of the studies, and no consideration of correlations between factors or correction for confounding factors. The multivariate analysis performed in the present study showed CSR to be associated with non-SVO, bilateral cerebral involvement, and previous mRS score among the neurologic factors, but not with the location or severity of the lesion. One patient with SVO did develop CSR, but this patient had complained of dyspnea on exertion at 1 month after the onset of the stroke and had been diagnosed with heart failure with preserved LVEF, and so the CSR in this patient might have been due to cardiac rather than neurologic factors. CSR has been reported to occur even in lacunar infarcts without heart failure, 27 but the diagnostic range for lacunar infarcts was broader than in our study, where exclusion criteria such as carotid stenosis of 2 cm or larger, or less than 1.5 cm with involvement of the middle cerebral artery, anterior cerebral artery, posterior cerebral artery, vertebral artery, or basilar artery stenosis had been applied; the presence of asymptomatic patients with low LVEF was not reported.
A subgroup analysis of the LAA group including patients with an LVEF of 50% or higher who did not have atrial fibrillation-in order to exclude cardiac factors and assess solely the effects of stroke-revealed that only the previous mRS score was significantly associated with the CSR group. When reviewing the associations of LA enlargement, low LVEF, bilateral lesions, and previous mRS score with CSR, we assume that the cerebrovascular insult might have caused instability of the ventilatory control system in the condition with pre-existing cardio-or cerebrovascular dysfunction.
The limitations of this study include that the assessment for CSR with sleep apnea test could not be performed in all of the patients who had presented with acute stroke. This test is not covered by National Health Insurance in Korea, and so the extreme elderly and low-income patients were more likely to be excluded from the study. Patients with a nasogastric or endotracheal tube were also excluded. These exclusions might have reduced the proportion of patients with severe stroke.
This was the largest study to date of the factors that may cause CSR in acute stroke, and its results are invaluable since confounding factors were corrected using multivariate and subgroup analyses, which has seldom been done in previous studies. The present findings indicate that CSR occurs frequently after acute stroke regardless of the location or severity of the stroke itself, but is more common in bilateral lesions and hardly occurs after SVO. Factors associated with CSR include previous neurologic deficits, low LVEF, and LA enlargement, suggesting that the presence of underlying cardio-or cerebrovascular dysfunction contribute more to the development of CSR in acute stroke than do the stroke characteristics.
